In primate retina, the midget, parasol, and small bistratified cell populations form the large majority of ganglion cells. In addition, there is a variety of low-density wide-field ganglion cell types that are less well characterized. Here we studied retinal ganglion cells in the common marmoset, Callithrix jacchus, using particle-mediated gene transfer. Ganglion cells were transfected with an expression plasmid for the postsynaptic density 95-green fluorescent protein. The retinas were processed with established immunohistochemical markers for bipolar and/or amacrine cells to determine ganglion cell dendritic stratification. In total over 500 ganglion cells were classified based on their dendritic field size, morphology, and stratification in the inner plexiform layer. Over 17 types were distinguished, including midget, parasol, broad thorny, small bistratified, large bistratified, recursive bistratified, recursive monostratified, narrow thorny, smooth monostratified, large sparse, giant sparse (melanopsin) ganglion cells, and a group that may contain several as yet uncharacterized types. Assuming each characterized type forms a hexagonal mosaic, the midget and parasol cells account for over 80% of all ganglion cells in the central retina but only 50% of cells in the peripheral (>2 mm) retina. We conclude that the fovea is dominated by midget and parasol cells, but outside the fovea the ganglion cell diversity in marmoset is likely as great as that reported for nonprimate retinas. Taken together, the ganglion cell types in marmoset retina resemble those described previously in macaque retina with respect to morphology, stratification, and change in proportion across the retina.
of midget, parasol, and small bistratified cells and thus are collectively referred to as wide-field cells (Peterson & Dacey, 1999 Yamada, Bordt, & Marshak, 2005) . Wide-field ganglion cells are considered to be low-density cell types because midget, parasol, and small bistratified ganglion cells are thought to account for the large majority of retinal ganglion cells in the primate (Polyak, 1941; Silveira & Perry, 1991; Dacey, 1993a,b; Ghosh, Goodchild, Sefton, & Martin, 1996; Yamada, Silveira, & Perry, 1996; Yamada, Marshak, Silveira, & Casagrande, 1998) . Knowledge about the number and proportion of wide-field types across the retina, however, is still incomplete.
The total number of ganglion cells varies significantly between primate and other mammalian species. Macaque monkeys and humans have between 1 and 1.5 million ganglion cells (Curcio & Allen, 1990; Sandell & Peters, 2001) ; cats have between 120,000 and 150,000 cells (Stone, 1978; Illing & Wässle, 1981) ; rabbits have 380,000 cells (Vaney, 1980) ; rats have between 113,000 and 117,000 cells (Forrester & Peters, 1967; Potts, Dreher, & Bennett, 1982; Perry, Henderson, & Linden, 1983) ; and mice have about 50,000 ganglion cells (Dräger & Olsen, 1981; Jeon, Strettoi, & Masland, 1998) . If one assumes that the large majority of retinal ganglion cells in the primate are midget and parasol cells, the remaining number of ganglion cells in primate retina could be as high as 200,000 ganglion cells (Wässle, 2004) . Thus, the number of wide-field cells in primate retina is roughly in the range of the total number of retinal ganglion cells in other mammalian species.
Studies of cat retina (O'Brien, Isayama, Richardson, & Berson, 2002; Berson, 2008) identified 10 and studies of rabbit retina identified 12 (Roska & Werblin, 2001; Rockhill, Daly, MacNeil, Brown, & Masland, 2002) morphologically and physiologically distinct ganglion cell types.
In primates, at least 17 morphological types of ganglion cell have been distinguished (Polyak, 1941; Watanabe & Rodieck, 1989; Kolb, Linberg, & Fisher, 1992; Peterson & Dacey, 1999 Dacey et al., 2003; Dacey, 2004; Yamada et al., 2005) , but only a few of these have been characterized physiologically (Dacey & Lee, 1994; Dacey et al., 2003; Crook et al., 2008a,b; Puller, Manookin, Neitz, Rieke, & Neitz, 2015) .
Comparable numbers of ganglion cell types were originally thought to be present in mouse retina, as reviewed by Masland (2011) . Recent studies, however, have suggested that there exist at least 30 morphological (Helmstaedter et al., 2013; Dunn & Wong, 2014; Sanes & Masland, 2015) types of retinal ganglion cells in the mouse, many of which can be genetically defined (S€ umb€ ul et al., 2014) . The number of 30 ganglion cell types in mouse retina is thought to account for more than 95% of the ganglion cells (Sanes & Masland, 2015) , but Baden and colleagues (2016) identified 32 functional types and suggest that the number may increase to as many as 40 types.
The question of whether the morphological types identified in primate retina account for the total number of ganglion cells has only been addressed for macaque (Dacey, 2004; Dacey et al., 2010) . Dacey and colleagues estimated, for one eccentricity in peripheral retina, that the 17 ganglion cell types they analyzed account for 85% of all macaque ganglion cells, leaving an undefined number of low-density types to be classified.
In the present study, ganglion cell types in the marmoset retina were labeled using a relatively unselective (nominally random) method, that is, particle-mediated gene transfer. The cells were classified using dendritic field size, eccentricity, dendritic tree morphology, and stratification. The density of the cell types was estimated and compared with the total ganglion cell density across the retina.
| MATERIALS A ND METHODS

| Animals
We obtained three retinas from one male (two retinas) and one female (one retina) adult marmoset. The retinas are the same as those used in our two previous studies (Percival et al., 2014; Masri, Percival, Koizumi, Martin, & Gr€ unert, 2016) . Please note that in these two previous studies we incorrectly reported that the retinas were obtained from two females. This error has been reported to the journals concerned, and has no implications for interpretation of our results in this or the previous studies. The marmosets were purchased from CLEA Japan (Tokyo) and maintained at the National Institute for Basic Biology Bioresource Center under the guidelines of the National Institute for Physiological Sciences (NIPS) code of practice for the care and use of animals. Procedures were approved by the institutional ethics committee of NIPS (No. 11A172) and the National Institutes of Natural Sciences (NINS;
Nos. 08B005 and 10B001). The animals were anesthetized with medotomidine (0.01 mg/kg, i.m.; Domitor, from Orion, Espoo, Finland) and ketamine (10 mg/kg; Ketalar, from Daiichi Sankyo Espha, Tokyo, Japan).
All animals were sacrificed with an overdose of 80 to 150 mg/kg sodium pentobarbitone.
| Labeling of ganglion cells by particle-mediated gene transfer
Details of the procedures have been described previously (Koizumi, Zeck, Ben, Masland, & Jakobs, 2007; Moritoh, Tanaka, Jouhou, Ikenaka, & Koizumi, 2010; Percival et al., 2014; Masri et al., 2016) . Briefly, retinas were dissected in Ames' medium, cut into quadrants, and mounted ganglion cell side up onto Millicell Millipore tissue culture plate inserts (Millipore, Temecula, CA). The vitreous was removed with fine forceps.
A Helios gene gun system (Bio-Rad, Hercules, CA) was used to propel gold microcarriers coated with the cytomegalovirus (CMV) postsynaptic density 95-green fluorescent protein (PSD95-GFP) fusion plasmid (gift from Dr. Masaki Fukata, NIPS) into the tissue. The ratio of DNA to the gold microcarriers (mean diameter 1.6 mm) was 1.5 mg plasmid/1 mg gold. The bullets were delivered at 110 psi at a distance of 5 mm from the retina so that cells in the ganglion cell layer would express PSD95-GFP. Each retinal quadrant was then cultured for 3 days in more than 26 ml Ames' medium containing 0.192% sodium bicarbonate, 100 U/ml penicillin, 100 mg/ml streptomycin, and 0.292 mg/ml L-glutamine (Gibco, Grand Island, NY), supplemented with 10% horse serum (Sigma-Aldrich, St. Louis, MO). Cultured retinas were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS), pH 7.4, for 1 hr at 4 8C and kept on the tissue culture insert for further processing.
| Antibody characterization
The antibodies used in the present study are summarized in Table 1 .
The mouse and rabbit antibodies against the calcium binding protein D-28k (CaBP) were characterized by the manufacturer via western blot analysis. Both antibodies yield a single band at 28 kDa when characterized in brain homogenates from various species, including macaque monkey.
The antibody against CD15 was derived from hybridoma cell lines (MMA, ATCC HB78) and reacts with the 3-fucosyl-N-acetyl-lactosamine antigen (Andressen & Mai, 1997) .
The antibody against choline acetyl transferase (ChAT) has been characterized by the manufacturer (Millipore) in Western blots of mouse brain lysates; it stains a single band of 68 to 70 kDa.
The antibody against the C-terminal binding protein 2 (CtBP2) has been characterized by western blots of mouse retina (Schmitz, K€ onigstorfer, & S€ udhof, 2000) . It recognizes a 110-kDa and a 120-kDa band (representing the RIBEYE B-domain) and a 50-kDa band (CtBP1, tom Dieck et al., 2005) .
| Immunohistochemistry
Retinas were processed free floating without removing the filter membrane. The tissue was preincubated for 1 hr at room temperature, in PBS containing 5% bovine serum albumin (BSA; Sigma) and 0.5% Triton X-100 (BDH Chemicals, Kilsyth, Australia). This was followed by incubation in a mixture of two primary antibodies diluted in PBS containing 0.5% Triton X-100 in PBS and 0.05% NaN 3 and 1% BSA for 1 week at 4 8C. Eleven retinal quadrants were used: six quadrants were processed with antibodies against CaBP and CD15, two quadrants were processed with antibodies against CaBP and CtBP2, one quadrant was processed with antibodies against CD15 and ChAT, one quadrant was processed with antibodies against ChAT and protein kinase C, and one quadrant was processed with antibodies against CD15 and GluR4. In the two latter quadrants only the antibody staining for ChAT and CD15 was of sufficient quality to be analyzed. After rinses, retinal pieces were incubated overnight at 4 8C in a mixture of secondary anti- 
| Microscopy
Stacks of images (7-28 optical slices) of individual ganglion cells were taken from the ganglion cell layer to the inner nuclear layer using a confocal microscope (Zeiss LSM700) equipped with 488, 555, and 639 lasers at 1-mm increments using a 203 objective (Plan Apochromat, 20 3 / 0.8, no. 420650-9901) at a resolution of 2,048 pixels. The brightness and contrast of the images were adjusted in Zen (Zeiss), Adobe (San Jose, CA) Photoshop CS6, or Imaris (Bitplane, Zurich, Switzerland) software. The eccentricity relative to the fovea for each cell was calculated from a low-power montage of the quadrant(s) for each retina.
| Classification of ganglion cell types
Ganglion cells were reconstructed in 3D from confocal image stacks using the filament tracer in Imaris software, or traced in 2D from collapsed image stacks in Adobe Illustrator CS6. Dendritic field size was measured from collapsed image stacks of individual ganglion cells in Fiji (Schindelin et al., 2012) . The outermost dendrites of the ganglion cell were connected to form a convex polygon, and the average of the minimum and maximum diameter of the polygon was taken as the dendritic field diameter (Szmajda et al., 2008) . Ganglion cells were classified using morphological criteria, such as branch density, soma location with respect to the dendritic field, dendritic stratification in the inner plexiform layer, dendritic field size with respect to eccentricity, and the presence of an axon. For small and large bistratified cells the number of branch points and the number of thorns were determined for regions of interest (62.5 3 62.5 mm) in the middle of the dendritic field using Imaris Software.
The stratification of the ganglion cell dendrites in the inner plexiform layer was determined qualitatively by going through the stacks of images and determining the location of the dendrites with respect to immunohistochemical labeling and/or neighboring midget and parasol cells. For a small sample of cells we measured the stratification in regions of interest (400 3 200 mm). Orthogonal projections were created using Zen software, and the position of the dendrites of ganglion cells and the processes of bipolar and amacrine cells were measured.
The percentage stratification of the ganglion cell in the inner plexiform layer was determined relative to the known stratification of the bipolar and amacrine cell processes, with 0% indicating the border with the inner nuclear layer and 100% indicating the border with the ganglion cell layer.
| Density and proportion of ganglion cells
We estimated the local spatial density of each identified ganglion cell population by calculating, for each labeled cell, the equivalent population density D. For a hexagonal matrix this value is given by
, where D is cell density (cells/mm 2 ) and a is the distance to a neighboring cell centroid. For a non-overlapping hexagonal matrix of circular elements, a is the same as the element diameter d. For overlapping matrices the value is a5d=l, where the value l51 indicates no overlap and l52 indicates 50% overlap (a matrix where the edge of each circle touches the neighboring centroids). The relationship between dendritic field overlap and coverage is approximated by a power function y5ax b 1c, where y is dendritic field overlap expressed as percentage, a 5 22,210, b 5 20.01357, and c 5 2,210 (Szmajda, Gr€ unert, & Martin, 2005) . Thus, a matrix with l 5 2 (overlap 50%) has a coverage factor of 5.). We set overlap values for each population using our own measures of dendritic overlap and/or by converting values of coverage taken from the literature.
| Definition
The term central retina refers to the first 10 degrees of visual angle (1.5 mm in marmoset) and the term peripheral retina refers to eccentricities above 1.5 mm (Wilder, Gr€ unert, Lee, & Martin, 1996; Percival et al., 2013) .
| R E S U L T S
| Ganglion cell analysis
As has been reported in previous studies of various mammalian species including marmoset (Koizumi et al., 2007; Jakobs, Koizumi, & Masland, 2008; Morgan, Schubert, & Wong, 2008; Moritoh, Komatsu, Yamamori, & Koizumi, 2013) , particle-mediated gene transfer enables labeling of a large number of ganglion cells (Figure 1 ). The images of labeled cells show brightly labeled puncta distributed along the dendritic tree (e.g.,
Figures 6c,f, 7e,h, 8f,h,j, and 9d). These puncta represent postsynaptic densities (Jakobs et al., 2008; Bleckert et al., 2013; Percival et al., 2014) . Here, we analyzed a total of 574 ganglion cells. Most of the cells were derived from two temporal pieces from two different animals. To classify the ganglion cells, we first measured the dendritic field size and the eccentricity and then considered other morphological criteria, such as dendritic branch density and dendritic stratification.
The morphological types we found are largely comparable to those observed in previous studies of marmoset, using a variety of methods including intracellular injections (Ghosh et al., 1996) , retrograde tracer labeling from the LGN together with photofilling (Szmajda et al., 2005 (Szmajda et al., , 2008 Percival, Jusuf, Martin, & Gr€ unert, 2009 , 2011 , 2013 Abbott, Percival, Martin, & Gr€ unert, 2012) , and adeno-associated virus (AAV)mediated expression (Ivanova, Hwang, Pan, & Troilo, 2010) .
In the peripheral retina, the dendritic stratification was analyzed by comparing it with the stratification of CD15-immunoreactive OFF midget bipolar and DB6 cells (Chan, Martin, Clunas, & Gr€ unert, 2001) , calbindin-immunoreactive DB3a cells (Weltzien, Percival, Martin, & Gr€ unert, 2015; Masri et al., 2016) , and/or ChAT-immunoreactive starburst amacrine cells (Moritoh et al., 2013) (Figure 2 ). In marmoset retina, OFF midget bipolar cells stratify in stratum S1 close to the inner nuclear layer at about 5 to 15% depth of the inner plexiform layer, and DB6 bipolar cells stratify in S5 at 88 to 96% depth (Jusuf, Lee, & Gr€ unert, 2004) . Calbindin-positive DB3a cells stratify in S2 at 15 to 30% depth (Ghosh, Martin, & Gr€ unert, 1997) , and the processes of ChAT-positive (starburst) amacrine cells occupy two bands in the inner plexiform layer located at 18 and 78% (S2 and S4) of the inner plexiform layer (Moritoh et al., 2013) . The outer starburst band is usually more weakly labeled (Rodieck & Marshak, 1992; Majumdar, Wässle, Jusuf, & Haverkamp, 2008; Moritoh et al., 2013) , and thus only the inner ChAT band was used in the analysis of the whole-mount preparations. In the central retina, antibody penetration was insufficient, and thus dendritic stratification was determined by going through the stack of images and estimating the borders of the inner plexiform layer.
At all eccentricities a variety of ganglion cell types was found (Figure 3) with a morphology that matched previous descriptions in Old
World (Dacey et al., 2003; Yamada et al., 2005) and New World monkeys (Ghosh et al., 1996; Yamada et al., 1996) . Consistent with these previous studies, the dendritic field size of midget and parasol cells increases with distance from the fovea and at all eccentricities is smaller than that of the other ganglion cell types (Figure 4a ). reported that ON parasol cells costratify with starburst amacrine cells (Jacoby, Stafford, Kouyama, & Marshak, 1996) . Whether the same costratification exists in marmoset could not be determined because the retinal pieces processed for ChAT immunoreactivity did not contain any ON parasol cells.
| Midget and parasol ganglion cells
The dendritic field size of midget and parasol ganglion cells was in the range of our previous measurements (Ghosh et al., 1996; Szmajda et al., 2005 Szmajda et al., , 2008 Abbott et al., 2012) , although there seemed to be a tendency toward a slightly larger average dendritic field size of midget cells in the present study.
Of the midget ganglion cell population in the peripheral retina, (Dacey et al., 2003; Dacey, 2004) , these included narrow thorny, recursive monostratified, smooth monostratified, sparse, broad thorny, and various types of bistratified cells (Figure 3 ). The morphology and stratification of nonmidget, nonparasol ganglion cells are described below. We will first describe cells in the peripheral retina (beyond 1.5 mm eccentricity) and then discuss the cells in central retina in a separate paragraph at the end of the Results section.
| Ganglion cells in peripheral retina
In the peripheral retina (eccentricities beyond 1.5 mm), 261 nonmidget, nonparasol cells were analyzed. As shown in Figure 4a , and consistent The dendritic field size of midget and parasol cells is compared with two types of wide-field cells. (c) The dendritic field size of midget cells is compared with three types of wide-field cells. (d) The dendritic field size of midget cells is compared with four types of wide-field cells with previous findings, midget cells consistently had the smallest dendritic fields followed by parasol cells (Ghosh et al., 1996; Gomes, Silveira, Saito, & Yamada, 2005; Szmajda et al., 2005) and small bistratified cells (Ghosh et al., 1997) . The wide-field cell types all had larger dendritic field sizes than parasol cells. Similar to findings in macaque retina (Dacey et al., 2003; Dacey, 2004) , the dendritic field diameter of broad thorny cells in marmoset retina was comparable to that of narrow thorny, large bistratified, and large sparse and recursive mono- 
| Small bistratified and large bistratified ganglion cells
The main difference between the small and large bistratified cell types is that the dendritic field of large bistratified cells is sparser and larger and 6a, b) . In addition, the large bistratified cells have fewer hooks and thorns in comparison with the small bistratified cells. For 10 small bistratified and 12 large bistratified cells located between 2.3 and 11.7 mm eccentricity, the number of branch points and the number of thorns were calculated for an area in the middle of the dendritic field. On average, the number of branch points per 100 mm dendritic length was 2.6 ( 6 0.5 SD) for small bistratified cells and 1.8 ( 6 0.4 SD) for large bistratified cells. The average number of dendritic thorns per 100 mm dendritic length was 4.2 ( 6 0.7 SD) for small bistratified cells and 2.2 ( 6 1.1 SD) for large bistratified cells.
Both the difference in the number of branch points and the difference in the number of thorns were statistically significant (P 5 0.05, paired
Wilcoxon nonparametric rank sum test).
The inner dendrites of the small bistratified (n 5 19) and large bistratified (n 5 17) cells in our sample stratify at or above the level of DB6 axons, and the smaller outer dendritic tier stratifies near or above the level of DB3a axons ( Figure 6 ). The dendritic field size of small bistratified cells is comparable to that of parasol cells, whereas the dendritic field size of large bistratified cells is in the range of the other widefield cells (Figure 4a,c) .
| Broad thorny ganglion cells
Broad thorny cells have fine densely branching dendrites bearing numerous fine thorns (Figures 3-5a ,e-g, and 7c), which stratify broadly in the middle of the inner plexiform layer (Percival et al., 2011) . A few of the outermost dendrites reach above the level of the calbindin-labeled axon terminals of DB3a cells (Figure 7d,e ), whereas the innermost dendrites are found mostly above the axon terminals of CD15-labeled DB6 cells at the level of the ON-ChAT band (Figure 7h-m) .
In total, 116 broad thorny cells were classified in the peripheral retina; thus broad thorny cells made up nearly half of the wide-field cells in our sample. Their dendritic field size ranged from 170mm at 2 mm to 470 mm at 10 mm eccentricity (Figure 4a,d) . These values are comparable to previous results from intracellular injection and retrograde labeling (Ghosh et al., 1996; Szmajda et al., 2008; Percival et al., 2011) . Broad thorny cells in macaque retina had a dendritic field size of up to 600 mm (Rodieck & Watanabe, 1993; Dacey et al., 2003; Puller et al., 2015) ; the difference in dendritic field size between the two species may be attributable to the larger eye size of macaques.
| Narrow thorny ganglion cells
Narrow thorny cells (n 5 36) resemble broad thorny cells in that they have fine dendrites that carry numerous thorns, but narrow thorny cells are more sparsely branched than broad thorny cells are (Figures 5e and   7a ,b). Two types of narrow thorny cells were found, inner stratifying (n 5 18) and outer stratifying (n 5 17) cells. Inner narrow thorny cells stratify close to the ganglion cell layer, where they make contact with DB6 cells (Percival et al., 2014) . Outer narrow thorny cells stratify mostly just above the level of the calbindin-labeled DB3a cells (Figure   7f ,g). The dendritic field diameter of narrow thorny cells ranged from 190 mm at about 2 mm to over 300 mm at about 7 mm and thus is within the same range as that of broad thorny cells (Figure 4d ).
| Recursive ganglion cells
Recursive cells are characterized by fine recursive dendrites lacking dendritic thorns (Figure 8a-d) . We distinguished recursive monostratified and recursive bistratified ganglion cells. Recursive bistratified cells (n 5 27) have dendritic field diameters that are comparable to those of large bistratified cells (Figure 4c ). The inner dendrites of recursive bistratified cells are found above the axons of DB6 and above the dendrites of inner midget ganglion cells. Four of the recursive bistratified cells were found in a retinal piece that was processed for ChAT immunoreactivity. The inner dendrites of these cells are intermingled with the processes of inner stratifying ChAT-positive amacrine cells but do not show any significant cofasciculation with the ChAT cells (Figure 8f , g,). Most of the outer dendrites of recursive bistratified ganglion cells are located slightly above the level of the DB3a cells, which is consistent with previous findings in marmoset retina (Moritoh et al., 2013; Masri et al., 2016) . The stratification is thus different from that of recursive bistratified cells in macaque, where these cells stratify closer to the middle of the inner plexiform layer, that is, between the inner and outer parasol cells (Dacey, 2004) .
Four recursive monostratified cells were found in the far peripheral retina. They had dendritic field diameters (260-370 mm) in the lower range of the wide-field ganglion cells (Figure 4b ). The dendrites of recursive monostratified cells were located near or above the inner ChAT band (Figure 8j,k) . Some of the dendrites of recursive monostrati-fied cells costratified with DB6 axon terminals (Figure 8h ,i), suggesting that they may get some input from DB6 cells.
| Smooth monostratified ganglion cells
Five cells with a morphology similar to parasol cells but a larger dendritic field were classified as smooth monostratified cells (Crook et al., 2008a ). These cells have relatively straight dendrites, which branch regularly and show fewer dendritic branchlets compared with parasol cells, hence the name smooth (Figures 3 and 9a-c) . Only outer stratifying cells were observed in our sample, and these cells costratified with calbindin-labeled DB3a cells (Figure 9d-f ). The dendritic field diameter of smooth monostratified cells ranged between 250 and 340 mm (Figure 4b ).
| Sparse ganglion cells
Sparse ganglion cells have a sparse dendritic tree with straight dendrites, which lack hooks or thorns. Sparse cells were subdivided into large sparse and giant sparse cells (Figure 3 ). In total, six large sparse cells were encountered, five of which were located in the peripheral retina and had dendrites stratifying close to the ganglion cell layer at the level of the DB6 axons. This stratification is consistent with our previous study (Percival et al., 2011) . The dendritic field diameter was determined for three peripheral cells and ranged between 240 and 333 mm (Figure 4d ). The only large sparse cell that was labeled in the central retina (at 0.8 mm) had a dendritic field size of 104.2 mm and stratified in the OFF sublamina.
Giant sparse cells (Figures 3 and 10c) show morphology, dendritic field size, and stratification that match previous descriptions of melanopsin-containing cells (Jusuf et al., 2007) . The dendritic field diameters of giant sparse cells ranged between 441 and 533 mm ( Figure   4d ). Five inner stratifying and three outer stratifying giant sparse cells were labeled. The dendrites of the inner cells stratify near the ganglion cell layer at the level of the DB6 axons (Gr€ unert, Jusuf, Lee, & Nguyen, 2011); the dendrites of the outer cells stratify close to the inner nuclear layer.
| Miscellaneous ganglion cells
Some cells had an unusually large dendritic field (Figures 4a and 10b,d ), in the range or even exceeding that of giant sparse (melanopsin-containing) cells (Figure 10c ). Unusually large cells were encountered in peripheral and central retina and included broad and narrow thorny, recursive monostratified, large bistratified, and recursive bistratified cells.
In total, 31 ganglion cells were not classified because they did not fit any of our criteria and/or their dendrites were intermingled with other cells and/or the quality of the staining was insufficient. Figure   10a shows two examples of unclassified cells from about 3 mm eccentricity. Both cells stratified close to the inner nuclear layer, had relatively large dendritic fields (267 and 404 mm), and showed some resemblance to the ganglion cells in the S-group of Rodieck & Watanabe (1993) .
Eight cells had an asymmetric dendritic field (Figure 11 ) stratifying in the outer region of the inner plexiform layer. These cells were cells described in mouse retina (Kim et al., 2008) and the G3 cell in rabbit retina (Hoshi & Mills, 2009 ). The orientation of the dendritic field of the cells, however, was variable; four cells had dendritic fields pointing away from the fovea at a right angle (e.g., Figure 11a -c); two cells had a dendritic tree pointing toward the fovea; and two cells had a dendritic field pointing away from the fovea (Figure 11d) . Two of the asym-metric cells (Figure 11c,d) had somas that were immunoreactive for calbindin (Figure 11h-m) , but the other asymmetric cells were calbindin negative (e.g., Figure 11e-g) . Thus calbindin immunoreactivity cannot be used as an unequivocal marker in identifying these cells.
| Central ganglion cells
Ganglion cells encountered in the central retina (n 5 67) resembled their peripheral counterparts but usually had much smaller dendritic In the present study we identified at least 17 morphological types of ganglion cell in marmoset retina using particle-mediated gene transfer.
The cells matched the morphology of wide-field ganglion types in Old
World and New World primates identified by other methods, including
Golgi impregnation (Polyak, 1941; Boycott & Dowling, 1969; Kolb et al., 1992) , intracellular injection (Ghosh et al., 1996; Yamada et al., 1996 Yamada et al., , 2005 Peterson & Dacey, 1999 , DiI labeling (Yamada et al., 1998) , and retrograde labeling (Watanabe & Rodieck, 1989; Rodieck & Watanabe, 1993; Dacey et al., 2003; Dacey, 2004; Crook et al., 2008a,b; Szmajda et al., 2008) . The homology of ganglion cells within different species (Berson, 2008; Sanes & Masland, 2015) and the different nomenclatures within different studies of primate retina have been discussed previously and thus will not be dealt with here.
| Ganglion cell stratification
Particle-mediated gene transfer has the advantage that it allows simul- et al., 2010, 2013 ). An important criterion in distinguishing ganglion cell types is the stratification in the inner plexiform layer, because this determines the synaptic input to these cells (Boycott & Wässle, 1991) .
Here we analyzed the ganglion cell stratification by comparing it with that of well-characterized bipolar (diffuse bipolar types DB3a and DB6 and flat midget bipolar) and amacrine (the inner and outer ChAT) and/or Nomarski optics to address this problem. Furthermore, the quantitative stratification measurements were taken only in specific regions of the dendritic tree and only for a small sample of cells in welllabeled preparations. More measurements will be needed to give a more accurate reflection of the ganglion cell stratification, but this was beyond the scope of the present study.
| Seventeen morphological ganglion cell types were distinguished
Despite the limitations outlined above, we are confident that the summary diagram shown in Figure 14 is a good representation of the strati- Figure 14b) .
One of the cell types found in previous studies of macaque (Dacey, 2004; Crook et al., 2008a) , i.e., inner smooth monostratified (named large radiate in Yamada et al., 2005) was not detected in the present study, and neither inner nor outer smooth monostratified cells were reported in other studies of marmoset retina (Szmajda et al., 2008; Ivanova et al., 2010; Percival et al., 2011; Moritoh et al., 2013) . We do not think, however, that this ganglion cell type is absent from marmoset retina, because marmoset and macaque otherwise do not show fundamental differences in their retinal wiring. Thus, both inner and outer smooth monostratified cells are included in our diagram. Inner smooth monostratified cells were assumed to costratify with inner parasol cells (Crook et al., 2008a) .
In summary, our findings suggest that the ganglion cell types in marmoset retina are comparable to those found in other primates such as macaque (Dacey, 2004; Yamada et al., 2005) and human (Kolb et al., 1992; Peterson & Dacey, 1999 .
| Do seventeen types of ganglion cell account for all types?
The number of retinal ganglion cell types in the present study is in the range of the number of types reported for other primates, including macaque and human (Kolb et al., 1992; Dacey et al., 2003; Dacey, 2004; Yamada et al., 2005) . As outlined in the introduction, in mouse at least 32 retinal ganglion cell types have been found, and this number has been suggested to increase to 40 types (Baden et al., 2016) .
The question arises whether the 17 morphological types of ganglion cell types detected in the present study account for all ganglion cell types in the marmoset retina. To address this question, we took the dendritic field size of each cell we had identified and calculated the density for each cell across the retina assuming a coverage factor of The stratification of most of the ganglion cell types was determined by comparison with the stratification of immunohistochemically labeled bipolar and amacrine cells except for the following cells: ON parasol cells (Ghosh et al., 1996) ; inner tier of small bistratified cells (Ghosh et al., 1997) ; outer large sparse cells (Ivanova et al., 2010) ; inner smooth monostratified cells (Crook et al., 2008) . GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer 1.0 for midget cells and a coverage of 1.7 for all other cell types. The reader should note that density estimates derived in this way should be treated with caution, because they are based on individual size and overlap properties of small cell numbers. In the absence of specific population markers for most wide-field types, such calculations nevertheless can provide the best available "ballpark" estimate of ganglion cell populations in marmoset retina. We allowed for four types of recursive bistratified cells (representing four types of ON-OFF direction-selective cells; see discussion below), and three types of recursive monostratified (ON direction-selective) cells. To maximize the cell sample across eccentricity, we pooled data from the present study with data from our previous studies (Szmajda et al., 2008; Percival et al., 2013) . The equivalent packing density was calculated from dendritic field diameter and coverage for each cell; then for each population, the cell density was estimated using a two-stage exponential fit:
5a3e bx 1c3e dx , where y is cell density (cells/mm 2 ), x is eccentricity (mm), e is the natural exponent, and a; b; c; d are coefficient values.
Coefficients were estimated using a nonlinear least square algorithm (Matlab cftool). The total ganglion cell density and proportions across eccentricity were then estimated ( Figure 15 ). On comparing our total estimate (Figure 15a , asterisks), we see good agreement with total ganglion cell counts (Figure 15a , broken line) from our previous study of marmoset retina (Wilder et al., 1996) . In the central retina the total density of the cell types in our sample accounts for 84%, but in the peripheral retina it accounts for 60% of the total ganglion cell density we previously estimated. Thus our results raise the possibility that some ganglion cell types are not yet characterized. Similar calculations were made and conclusions formed for one eccentricity each in rabbit (Rockhill et al., 2002) and macaque (Dacey et al., 2010) retinas.
Using these data we also estimated the proportion of wide-field cells across the retina with respect to midget, parasol, and small bistratified cells (Figure 15b ). The figure shows that the proportion of midget ganglion cells decreases from about 80% in the central retina, to about 15% in the peripheral retina, whereas the proportion of parasol cells remains relatively constant at 10%. Similarly, the proportion of midget ganglion cells was estimated to decrease from 95% in the central to 45% in the peripheral retina of human (Dacey, 1993b) , and in the peripheral retina of macaque a proportion of 50% midget and 16% parasol cells was calculated (Dacey, 2004) . In the present study, the proportion of small bistratified cells rises slightly from less than 2% in central retina to 8% in peripheral retina. These data are consistent with data from macaque retina, where the small bistratified cell has been estimated to make up a proportion between 1% in the central retina and 6 to 10% in the peripheral retina (Dacey, 1993a) . Thus, in general the proportions of the three major ganglion cell types in marmoset and macaque retinas are comparable.
In the present study, the proportion of wide-field cells increased steadily with distance from the fovea, and by 7.5 mm eccentricity the wide-field cells outnumbered midget cells and thus made up the majority of all ganglion cells. This change in proportion is largely because the dendritic field size and thus the density of midget ganglion cells changes more rapidly than in other ganglion cell types (Figure 4) .
What then are the missing ganglion cell types? As outlined in the Results section, we found single examples of well-labeled cells that did not fit any criterion, so we cannot rule out the possibility that some low-density types were missed. Furthermore, we did not use any sophisticated measures such as those that have been applied to differentiate ganglion cell types in mouse retina (S€ umb€ ul et al., 2014) . Applying more quantitative stratification and/or branch density measurements may reveal that some of ganglion cell types described here can be further subdivided. 4.4 | What is the total number of wide-field ganglion cells?
As outlined in the introduction, it has been suggested that the total number of wide-field ganglion cells in the primate retina exceeds that of an entire cat retina (Wässle, 2004) . We estimated the total number of retinal ganglion cells in marmoset retina from the product of local cell density (Figure 15a ) and retinal area, in 1-mm eccentricity increments. This calculation yields a total of 1 million ganglion cells, with midget cells making up the large majority (700,000 cells) of this total.
The central retina (up to 1.5 mm eccentricity) contains approximately 700,000 ganglion cells, 100,000 of which are wide-field cells. For the peripheral retina (beyond 1.5 mm), we calculate a total of 300,000 ganglion cells, with a total of 100,000 wide-field ganglion cells. Thus, the marmoset retina is estimated to contain a total of 200,000 wide-field cells, exceeding the total number of ganglion cells in a mouse retina by a factor of four. As noted above, however, it is important to remember that these estimates are based on sample populations, not on specific markers that label entire cell populations. Measurements made using these more accurate methods will be needed to verify our calculations.
| Brain projection of wide-field ganglion cells
In the present study, broad thorny cells (n 5 122) form a large proportion of the labeled cells in the peripheral retina. In our previous studies, where ganglion cells were labeled via retrograde tracer injections into the koniocellular layers of the LGN, broad thorny cells were only rarely encountered (Szmajda et al., 2008; Percival et al., 2011 Percival et al., , 2013 . Similarly, recursive cells were only encountered in one of our tracer injection studies (Percival et al., 2013) , but in the present study, these cells were encountered relatively frequently. This result may imply that the major projection of broad thorny and recursive cells is not to the LGN but to other brain areas. Consistently, studies in macaque have shown that retinal ganglion cells with a variety of morphologies resembling broad thorny, narrow thorny, and recursive cells project to the superior colliculus (Rodieck & Watanabe, 1993; Dacey et al., 2003) . Equivalent studies are missing for marmoset.
The retrograde tracer injections and gene gunning methods likely have different sorts of bias resulting in different proportions of labeled cells (Kong, Fish, Rockhill, & Masland, 2005) . The nature of any bias in gene gunning is unclear, but most certainly it is not related to soma size, as midget ganglion cells (n 5 182) have the smallest soma size (Ghosh et al., 1996) yet comprise the most frequently identified cell type in the present study. In favor of the bias hypothesis is the fact that small bistratified, inner midget and inner parasol cells were underrepresented, whereas broad thorny cells, outer midget, and outer parasol cells were over-represented in our sample (compare Figures 13 and   15a ). Similarly, Moritoh et al. (2010) , using the same method as in the present study, found relatively high numbers of broad thorny and recursive cells but low numbers of small bistratified cells.
The relatively high proportion of wide-field cells estimated for the peripheral retina (Figure 15b) is in contrast to studies in macaque estimating that nonmidget, nonparasol cells make up between 20% and 26% (Dacey, 2004) of the total ganglion cell population in the peripheral retina. This discrepancy could represent differences between macaque and marmoset retina. More studies, involving tracer injections from the superior colliculus and other potential targets of retinal ganglion cells, are needed to address this question. Whether the wide-field ganglion cells in primate retina show the same diversity in their central projections as has recently been reported for ganglion cells in nonprimates (Dhande & Huberman, 2014; Robles, Laurell, & Baier, 2014; Gauvain & Murphy, 2015; Sanes & Masland, 2015) will likewise need to be studied in the future.
| Functional role and connectivity of wide-field ganglion cells
The functional role of most wide-field ganglion cells is still unknown, and to date only two studies have carried out electrophysiological recordings from ganglion cells in marmoset retina (Protti et al., 2014; Huang & Protti, 2016) . In these studies, Protti and colleagues recorded from different types of ganglion cells and concluded that marmoset ganglion cells, much like those in other mammals, receive bipolar and amacrine inputs that are modulated by lateral inhibition originating in the inner plexiform layer. Our finding that all ganglion cell types express PSD95-GFP across their dendritic tree is consistent with the physiological findings.
The physiological properties of specific wide-field ganglion cell types were summarized previously (Dacey, 2004; Yamada et al., 2005) .
More recently, smooth monostratified cells were characterized as Y-like cells because of similarities in their response properties to parasol cells (Crook et al., 2008a,b) . Our finding that DB3a cells stratify at the same level as smooth monostratified cells together with our previous findings
showing that DB3a cells provide only 30% of their output to OFF parasol cells (Masri et al., 2016) is consistent with the suggestion that OFF smooth monostratified cells receive input from the same bipolar type(s) as OFF parasol cells. Similarly, ON smooth monostratified cells, like ON parasol cells, are likely to receive input from DB4 cells (Puthussery, Venkataramani, Gayet-Primo, Smith, & Taylor, 2013) and/or DB5 cells (Boycott & Wässle, 1991) .
Recursive monostratified cells have been suggested to be the correlate of ON direction-selective, and recursive bistratified cells have been suggested to be the correlate of ON-OFF direction-selective cells (Dacey, 2004) , but electrophysiological evidence showing directionselective ganglion cells in any primate retina is still missing. In the current study, only 4 of 24 recursive bistratified cells were located in retinal pieces that were processed with antibodies to ChAT. These four cells stratified in the same region as starburst cells but did not cofasciculate with them, suggesting that these cells are probably not direction selective (Vaney, Sivyer, & Taylor, 2012) . On the other hand, previous studies of macaque and marmoset (Moritoh et al., 2013) retinas found examples of cells that costratified with ChAT cells.
Thus it is likely that a subpopulation of the cells classified as recursive bistratified cells in the present study are in fact direction-selective cells, but further studies are needed to verify this speculation.
Broad thorny cells stratify broadly in the middle of the inner plexiform layer (Ghosh et al., 1996; Szmajda et al., 2008; Moritoh et al., 2013) , suggesting that they receive input from multiple types of ON and OFF bipolar cells (Percival et al., 2011; Masri et al., 2016) . Similar cells have been described in macaque retina (Dacey et al., 2003) and
based on their similarity to cells found in rabbit retina, broad thorny cells have been suggested as candidates for local edge detectors (Berson, 2008) . Recent electrophysiological recordings from these cells in macaque retina, however, found that broad thorny cells have transient ON-OFF responses (Puller et al., 2015) , whereas local edge detectors in rabbit retina have sustained responses (van Wyk, Taylor, & Vaney, 2006) . Thus Puller et al. (2015) suggested that broad thorny cells are involved in visual guidance of pursuit movements.
| C O NC LU S I O N S
Our main conclusions are as follows. Consistent with our previous studies, we found that wide-field cells (that is, nonmidget, nonparasol pathways) do contribute to foveal vision (see discussion in Percival et al., 2013) . However, here we found that the wide-field cells make a much smaller contribution to foveal vision than their contribution to peripheral vision, and this result is consistent with results from human and macaque retina showing that the fovea is dominated by midget and parasol cells (Dacey, 1993b; Dacey, 2004) . In respect to the high morphological diversity and numerical dominance of wide-field cells, the peripheral retina of primates resembles the entire retina of nonprimate mammals (rodents and carnivores) studied so far.
